ABSTRACT Storing eggs at low temperature prior to incubation is common practice in the broiler hatchery industry; however, prolonged storage (beyond 7 d) is known to increase early embryonic mortality and reduce chick quality and performance. To better understand the basis of this mortality, we previously published milestone criteria to evaluate morphological and cellular properties of the freshly laid embryo. Using these criteria, in the present study we checked the effects of storage at 18
ity parameters. Nonhatched eggs were also analyzed to determine the stage of embryonic mortality. The remaining 261 eggs were isolated and analyzed for developmental stage, cytoarchitecture, mitotic index, and cell death following storage. Hatchability rates beyond 7 d of storage at 12
• C were significantly improved compared to 18
• C, and chick quality remained high. Similar results were obtained for an old flock's eggs (n = 1,350). Analyzing the embryos, at each time point, we found that at 12
• C, the developmental progression during storage slows significantly, mitotic index-which at this temperature may indicate mitotic arrest-increases and the rate of early apoptosis is half than at 18
• C. Moreover, the HREM system and histological sections showed that embryos stored at 18
• C for prolonged times undergo dramatic cytoarchitectural changes that may be maladaptive to resuming normal development after diapause. We thus demonstrate the usefulness of the milestone criteria for predicting and studying the storage conditions that will allow for better performance in hatchery practice.
INTRODUCTION
Egg storage prior to incubation is a necessary and important step in the poultry industry, originating from the need to achieve synchronized hatching in wild chickens (Asmundson, 1947; Mayes and Takeballi, 1984; Brake et al., 1997) . Fertile eggs are produced in broiler breeder farms and are then transferred and stored in commercial hatcheries at low temperature prior to incubation. Egg storage solves the problems of limited supply of hatching eggs, limited incubation space, or the need for transportation. Thus, suitable storage conditions before incubation have a crucial economic impact on the industry (Fasenko, 2007) , and the ability to extend storage duration without deleteriously affecting hatchability is advantageous. Storage for more than 7 d or inadequate storage conditions result in embryonic mortality and poor hatchability (Mather and Laughlin, 1976; Mayes and Takeballi, 1984; Brake et al., 1997; reviewed in Fasenko, 2007; Ishaq et al., 2014) . In-storage mortality, early incubation mortality, delay in development initiation and abnormal embryogenesis have also been reported following extended storage (Brake et al., 1997; Noiva et al., 2014) . These outcomes undoubtedly reflect profound storage-dependent changes occurring within the embryo at the cellular level. Early research by Edwards (1902) found 21
• C to be the minimum temperature for embryonic development, terming this point 1429 as Physiological Zero-the point at which the embryo stops developing. This was confirmed in later research, mainly on White Leghorn breed eggs, which studied the effect of storage temperature between 12
• C and 20
• C (Olsen and Haynes, 1948; Funk and Forward, 1960; Reinhart and Hurnik, 1976; Fasenko et al., 1991; Brake et al., 1997 ). According to current management manuals, the recommended storage temperature is 20-23
• C for up to 3 d and 12-18
• C for longer storage periods (Tullett S, 2009) .
At oviposition, the embryo, which at this stage is called blastoderm, appears as a white circular disc overlying the yolk sac. At oviposition, the blastoderm is at stage X of Eyal-Giladi and Kochav's (1976) normal development table (EG&K) . At this stage, the embryo is composed of a single-cell-thick inner disk called the area pellucida (AP) and a multilayered outer ring known as the area opaca (AO). Within the first 10 to 12 h of incubation, the blastoderm advances to stages XI, XII, and XIII EG&K, wherein a second layer of cells termed the hypoblast starts to form and expands anteriorly from Koller's sickle. Based on morphological criteria, these stages correspond to the blastulation process and when formation of the second layer is complete, the embryo has reached the blastula stage (Eyal-Giladi and Kochav, 1976; Kochav et al., 1980) . During storage at low temperature the blastoderm demonstrates suspended overt metabolic activity and development, entering into a dormant-like state (Edwards, 1902) that is best defined by the term diapause. During diapause the blastoderm can undergo regressive structural changes in gross morphology and form vacuoles (Funk and Biellier, 1944; Arora and Kosin, 1966) . Moreover, the fertile eggs, when kept under commonly used storage conditions for >7 d (18-19 • C, 70-75% RH), undergo changes in their physical characteristics, including yolk and albumin consistency, vitelline membrane properties and gas exchange (Lapao et al., 1997; Bakst and Akuffo, 2002; Reijrink et al., 2008; Schulte-Drüggelte, 2011) . Despite this knowledge, the morphological changes occurring in the modern broiler embryo following prolonged storage remain unclear.
Several factors have been suggested to be associated with embryonic mortality following prolonged storage. Of these, cell viability, cell number, developmental stage, and cell death due to apoptosis and necrosis are clearly important (Fasenko et al., 2001b; Bakst and Akuffo, 2002; Reijrink et al., 2010; Hamidu et al., 2011) . Other studies have found that during storage, development does not progress (Fasenko et al., 1991; Bakst et al., 2012; Dymond et al., 2013) .
In our previous study, we described new methodological approaches for obtaining accurate measurements of the above factors (Pokhrel et al., 2017) . Specifically, using the state-of-the-art high-resolution episcopic microscopy (HREM, Weninger et al., 2006; Weninger and Mohun, 2007) system, we demonstrated a highly resolved, reconstructed 3D model of freshly laid blastoderms that enabled highly accurate embryonic staging and characterization of its morphological state. In addition, using confocal laser scanning microscopy on whole-mount embryos, we directly quantified the total cell count and mitotic index in stage X to XIII EG&K embryos. Moreover, using manual counting of dissociated blastodermal cells stained with annexin V and propidium iodide (PI), we were able to distinguish and quantify the proportions of apoptotic and necrotic cells.
Using these approaches in the current study, we monitored the effects of 7, 14, 21, and 28 d of storage at either 18
• C or 12
• C on hatchability and chick quality in eggs from young and old broiler flocks. At the cellular level, we examined the embryonic state, including: embryonic developmental stage, mitotic index and cell viability. In addition, we analyzed the morphological and cytological changes in the blastoderm during storage. Our results showed that in terms of hatchability and chick quality, prolonged storage at 12
• C is, overall, advantageous compared to storage at 18
• C. Moreover, we found that storage at the latter temperature results in substantial morphological changes and increased cell death compared to storage at 12
• C.
MATERIALS AND METHODS

Eggs
Fresh broiler eggs from 32-wk-old (1,483 eggs) and 63-wk-old (1,350 eggs) flocks (Ross 308) were collected from a commercial supplier. We verified that the eggs were freshly laid by measuring the egg shell temperature as described previously (Pokhrel et al., 2017) . Eggs were weighed, labeled, processed or stored as per the experimental design without delay.
Egg Incubation
Following storage, eggs were weighed and allowed to warm to ambient temperature. Eggs were then loaded into a rotating incubator (Masalles Commercial, Model 65, Barcelona, Spain) set to 37.8
• C and 56% RH, with 45 o rotation every hour. The temperature and RH were monitored by data logger (Micro Instrument, Tokyo, Japan) throughout the experimental time period. Following 8 and 16 d of incubation, candling was performed and viable eggs were incubated until 18 d. Embryos from nonviable eggs were examined for their survival stage postincubation according to the normal table of Hamburger and Hamilton (1951) (H&H) . On d 18, the eggs were transferred to a hatching incubator (Danki Aps, hatcher type 3/1700, Ikast, Denmark) set to 37.5
• C and 52% RH in individual plastic nets to allow for specific identification of each hatched chick on d 21.
Blastoderm Isolation
Blastoderm isolation and documentation were performed as published previously (New DAT, 1955; Pokhrel et al., 2017) . Developmental stage was scored to determine the average blastoderm stage within each group according to the EG&K normal development table (Eyal-Giladi and Kochav, 1976; Kochav et al., 1980) , with scores of 10, 11, 12, and 13 corresponding to stages X, XI, XII, and XIII EG&K, respectively.
Whole-Mount Embryonic HREM Scanning and Confocal Imaging
The isolated whole-mount embryos were fixed in 4% paraformaldehyde solution in PBS, dehydrated in methanol and processed for HREM (Indigo Scientific, Bladock, UK) scanning as previously described (Pokhrel et al., 2017) .
For confocal laser scanning microscopy, embryos were stored as per the experimental design, isolated, fixed, stained with DAPI (4 ,6-diamidino-2-phenylindole dihydrochloride; Sigma, Rehovot, Israel) for 1 h at room temperature and then cleared with glycerol at 4
• C (Sigma, Rehovot, Israel) for 36 h. Blastoderms were embedded between 2 coverslips in DAKO (Thermo Scientific, Waltham, MA) mounting medium and assessed by confocal laser scanning microscopy (Leica TCS SPE, Wetzlar, Germany) as previously described (Pokhrel et al., 2017) . Nuclei and mitotic cells were counted manually using Leica Application Suite Advanced Fluorescence Lite (LAS AF Lite) software.
Cell Viability Assays
To determine the proportion of apoptosis and necrosis, blastoderms were treated with Trypsin A solution (0.25% w/v trypsin, containing 0.02% w/v EDTA with Phenol red) to receive single cell suspension. Trypsin's action was neutralized by adding 10% (v/v) fetal bovine serum (Gibco, Waltham, MA) . Isolated cells were labeled with annexin V, PI (Biolegend, San Diego, CA) and Hoechst 33 342 (20 μg/mL, hydrochloride, Cayman Chemical, Ann Arbor, MI), according to a previously published protocol (Pokhrel et al., 2017) . Stained cells were imaged by fluorescence microscopy (Nikon Eclipse Ti, Tokyo, Japan). The early apoptotic, late apoptotic and necrotic cells were individually identified and manually counted using NIS-Elements Advanced Research Microscope Imaging Software (Nikon Instruments).
Histological Analysis and Fluorescence Microscopy Imaging
Blastoderms were dehydrated by immersion in a series of 50%, 70%, 80%, 96%, and 100% ethanol. This was followed by washes with 50% and 100% xylene until clearing. For paraffin sections, cleared blastoderms were transferred to melted paraffin for 1 h at 65
• C and embedded in a molding tray. Embryos were serially sectioned at 5 μm thickness using a microtome (Leica, Jung RM 2035). Sections were deparaffinized with xylene and gradually rehydrated in PBS. After rehydration, tissue sections were stained with DAPI and mounted with mounting medium (Shandon Immumount, Thermo Scientific). Sections were assessed by fluorescence microscopy (Nikon Eclipse Ti) and captured images were analyzed using NIS software (Nikon Instruments).
Chick Quality Measurement
Between 1 and 2 h after hatch, dry chicks underwent qualitative analysis using the Pasgar score (Boerjan 2002; van de Ven et al., 2012) as well as quantitative measurements of body weight (BW), chick length (from the tip of the beak to implantation of the nail on the third toe) and yolk sac weight (Willemsen et al., 2008) . Chick yield and yolk-free body mass (YFBM) were calculated and normalized for egg weight prior to incubation.
Statistical Analysis
All of the experimental results are presented as mean ± SEM. Statistical analysis was carried out by one-way analysis of variance (ANOVA), chi-square test, or t-test to determine differences. If ANOVA revealed significant effects, it was followed by Tukey HSD test. Statistical significance was accepted at P < 0.05. The analyses were performed using JMP software (Statistical Discovery TM , SAS, Cary, NC).
RESULTS
Experimental Design
The experimental design included three factors: 1) storage temperature (18 or 12
• C, excluding controls, no storage, time 0 groups), 2) storage duration (0 to 28 d, in a week's interval) and 3) eggs from 2 flocks ages, 32-and 63-wk-old flocks (Ross 308) denoted as young and old, respectively. Eggs were stored at 50 to 60% RH, and freshly oviposited eggs were used as controls.
From a total of 1,483 eggs that were obtained from young flocks, 54 eggs (n = 6 per treatment) were used to determine the mitotic index from whole-mount fixed blastoderms, and 99 eggs (n = 11 per treatment) were used to determine the proportion of apoptosis and necrosis in the cell suspension analysis described below. These 2 groups (153 embryos) and an additional subgroup of 108 eggs were used to determine the developmental stage of the blastoderm under different storage treatments. The remaining 1,222 eggs were incubated in 2 separate trials per experiment (at least 60 eggs per storage treatment) to check the effects of the treatment on hatchability and chick quality. Of the 1,350 eggs from the old flocks, 270 eggs were used for staging and histological analysis (30 per group) and the remaining 1,080 eggs were incubated. During incubation, candling was • C (P = 0.01) and 12
• C (P = 0.07). Beyond 7 d, there was a rapid and significant decrease (P ≤ 0.05) in hatchability at 18
• C; at 12
• C, decrease in hatchability only occurred after 14 d of storage and was not statistically significant at any storage conditions tested (P > 0.05). (b) Hatchability in old flocks decreased slightly following 7 d of storage at both 18 and 12
• C. Beyond this time point, hatchability decreased drastically at 18
• C, compared to a moderate decrease at 12
• C beyond 21 d of storage (P < 0.05). Groups with different lowercase letters are significantly different at P < 0.05.
performed at 8 and 16 d and the content of nonviable eggs was examined to determine day of mortality. On day of hatch, the chicks were allowed to dry and chick quality was analyzed. Nonhatched eggs were examined. To overcome the effects of infertility on the hatchability results, nonfertile eggs were omitted from thexbrk calculations.
Effects of Storage Conditions on Hatchability
The effects of the different storage conditions on hatchability in young and old flocks are presented in Figure 1a and b, respectively.
In the young flock ( Figure 1a ), 79% of the control eggs hatched, while better hatchability was found after 7 d of storage at both 18
• C (P < 0.05) and 12
• C (91 and 88%, respectively). However, beyond 7 d of egg storage at 18
• C, hatchability decreased to 75, 55, and 17% after 14, 21, and 28 d, respectively. In contrast, at 12
• C, the hatchability rate started to decrease only from d 21 of storage, to 78 and 71% for 21 and 28 d, respectively. The differences in hatchability between 18 and 12
• C at each time point were statistically significant starting from 14 d of storage (P < 0.05).
In the old flock (Figure 1b) , 97% of the freshly laid fertile eggs hatched normally; however, after only 7 d of storage, there was a minor decrease in hatchability at both 18 and 12
• C (to 91 and 88%, respectively). Beyond 7 d of storage at 18
• C, a drastic decline in hatchability to 80, 41, and 27% after 14, 21, and 28 d, respectively, was observed. In contrast, the hatchability of eggs stored at 12
• C beyond 7 d was 88, 70, and 69% after 14, 21, and 28 d, respectively. Statistically different hatchability results between 18 and 12
• C were observed beyond 14 d of storage (P < 0.05). Notably, the percentage of nonfertile eggs in the old flock was much higher than that in the young flock (21 vs. 3%, respectively).
Collectively, these data show that while for short storage duration, i.e., up to 7 d, the hatchability rate is similar for eggs stored at either 18 or 12
• C, prolonged storage of eggs from both young and old flocks greatly benefits from the lower temperature.
Chick Quality
We further checked the quality of the hatched chicks. These were analyzed for standard quality measurements, namely Pasgar score, chick yield, YFBM, and chick length (Table 1) .
Pasgar Score. Percentages of hatched chicks with a Pasgar score of 9 or 10 from the control freshly laid eggs were 95.5 and 96.29 for young and old flocks, respectively reflecting a good chick quality in our experiments. The Pasgar score in both young and old flocks, decreased significantly (P < 0.05) after 28 d at 18
• C, compared to 7 d of storage. This decrease was not observed in eggs stored for 28 d at 12
• C (Table 1) . Chick-Yield Percentage. The relationship between chick BW and egg weight is of great importance as it serves as a predictor of broiler performance. Expressed as the ratio between chick BW and egg weight, the chick yield results for young and old flocks are presented in Table 1 . No significant differences in chick yield, compared to controls, were found in any of the experimental groups from young or old flocks (P > 0.05). The average chick yield was 73.32 ± 0.08 and 73.12 ± 0.13 for young and old flock, respectively.
YFBM. The effects of storage conditions on YFBM (%), normalized to egg weight, are presented in Table 1 . A minute reduction in YFBM with increased storage Table 1 . Chick quality parameters of young and old flocks (mean ± SEM). Pasgar score of chicks from both young and old flock was significantly reduced (P < 0.05) after 28 d at 18
• C, compared to 7-d stored eggs. However, no such change was observed at 12
• C. Chick yield for young flocks was unaffected by storage condition. In most of the storage treatment groups, chick yield for old flocks was unaffected. No significant effects of storage condition on YFBM)/egg weight (%) were found for young flocks. YFBM/egg weight (%) for old flocks significantly decreased (P < 0.05) following 28 d of storage at 12
• C compared to 18 • C. Significant decrease in chick length (P < 0.05) at 28 d of storage at both 18 and 12
• C compared to freshly laid eggs was measured. Within old flocks, a minute decrease in chick length of hatched chicks was observed after 28 d of storage at 18
• C; at 12 • C, chick length was not affected by storage time. Groups with different letters (lowercase and uppercase letters for young and old flock, respectively) are significantly different at P < 0.05. duration, compared to control, was observed for both young and old flocks, which was only significant for the old flock at storage duration of 28 d at 12
• C (P < 0.05). Chick Length. The effect of storage conditions on chick length was examined as a useful parameter that predicts overall chick growth ( Table 1 ). The average length was 19.1 ± 0.01 and 20.07 ± 0.02 cm for young and old flock, respectively. For most of the treatments, the length did not significantly change except for the storage of 28 d of the young flock, which was slightly decreased compared to the control group (P < 0.05).
Taken together, these results demonstrate that multiple chick quality parameters do not differ and remain similar to controls upon storing eggs from young and old flocks at either 18 or 12
• C up to 21 d. Yet, following 28 d of storage, a small decrease in chick yield, YFMB and chick length is evident. These findings strongly suggest that although there are clear differences in hatchability rates upon prolonged storage at 12 or 18
• C (Figure 1) , once hatching had occurred, the chicks are of high quality in most storage conditions (Table 1) .
Embryonic Death
Our data clearly showed that prolonged egg storage at 12
• C is beneficial compared to 18
• C in terms of hatchability. We therefore set out to determine which developmental stages during embryogenesis are most susceptible to the different storage conditions. We analyzed the developmental stage of embryos from nonviable eggs that were identified during candling at 8 and 16 d of incubation and from nonhatched eggs. The embryonic mortality was calculated as the percentage of nonviable embryos out of the total fertile eggs and divided into three separate groups: early embryonic mortality (0 to 3 d), mid embryonic mortality (4 to 17 d), late embryonic mortality (18 to 21 d). As shown in Table 2 , most of the embryos which stored for long duration were susceptible to death on the first 3 d of incubation in both young and old flocks. Early embryonic mortality within young flock group eggs stored at 18
• C was significantly increased compared to storage at 12
• C for 21 and 28 d of storage (P < 0.05). Similarly, for old flocks, early embryonic mortality was significantly higher at 18
• C compared to 12
• C following 28 d of storage (P < 0.05). However, mid and late embryonic mortality (4 to 21 d) was not significantly affected by the different storage treatments. These results indicate that the storage conditions affect the early embryonic development and once the embryo succeeds to pass the critical developmental stage, it will normally develop with a good quality comparable to the embryos.
Morphological and Cytoarchitectural Changes Following Prolonged Storage
The beneficial effects of cooling eggs to 12
• C during storage, on both hatchability and early embryonic mortality, encouraged through investigation of the changes undergone by the embryo during this period. Thus, we analyzed developmental stage, cytoarchitecture, mitotic index and cell viability in embryos poststorage.
Developmental Stage. To determine the developmental stage of stored embryos (Figure 2a-d) , isolated (Hamburger and Hamilton, 1951) . The embryonic mortality was calculated as the portion of nonviable embryos out of the total fertile eggs, and parted into three separate groups: early embryonic mortality (0 to 3 d), mid embryonic mortality (4 to 17 d) and late embryonic mortality (18 to 21 d). Early embryonic mortality was the major reason for decreased hatchability of both young and old flocks and it increased significantly with increasing storage duration at 18
• C, compared to 12 • C. In most cases, at the different storage treatments, there were no significant differences in embryonic mortality beyond 3 d of incubation in eggs from both the young and old flock. Groups with different letters (lowercase and uppercase letters for young and old flock, respectively) are significantly different at P < 0.05. • C (left and right panel, respectively). Upper panels: ventral view of the embryos; lower panels: dorsal view. Importantly, ridge-like folds were observed in the epiblast (yellow arrowheads), clearly demonstrating the morphological changes after 28 d of storage at 18
• C, whereas at 12 • C, the overall cellular organization is retained even after 28 d. (f) Histological sections of fresh and 28-d stored eggs at 18 or 12
• C (left, middle, and right panels, respectively). The sections show a single columnar epithelium layer of blastoderm in fresh eggs. After 28 d of storage at 18
• C, the blastoderm is 4 to 6 cells thick; however, at 12 • C, the blastoderm is thinner than at 18 • C. As revealed by HREM 3D reconstructed model, the ridge-like folds in the epiblast region of 28-d stored eggs at 18
• C were also observed in the sections (white arrows in middle panel). Groups with different lowercase letters are significantly different at P < 0.05. blastoderms were imaged and staged according to the normal developmental table of EG&K (Eyal-Giladi and Kochav, 1976) . For better visualization, we also analyzed and staged embryos using the HREM imaging system as previously described (Pokhrel et al., 2017) . Analysis was performed on eggs from young and old flocks (Figure 2a, c and b, d , respectively) stored at 18 or 12
• C (Figure 2a , b and c, d, respectively) at the indicated times. In young flock embryos, the predominant developmental stage of control nonincubated eggs was XI EG&K and in old flock embryos it was XII EG&K (Pokhrel et al., 2017) . In young flock embryos, at both 18 and 12
• C, within the first 7 d of storage, the average developmental stage advanced to 11.58 and 12.2 EG&K, respectively. Notably, beyond 7 d of storage at 18
• C, development advanced constantly (P < 0. Figure 2a, c) .
A similar trend of developmental progression was observed in freshly laid old flocks' eggs; however, importantly, the average initial developmental stage of these embryos was higher than XII EG&K (Figure 2b, d) . Moreover, the developmental progress in both young and old flocks only reached stage XIII EG&K, which corresponds to the end of blastulation. Notably, under these storage conditions, the gastrulation process was attenuated and no embryos with primitive streak formation were identified.
Collectively, the data show that while in prolonged storage at 18
• C, the embryos continue to develop at a moderate rate, at 12
• C, following 7 d of storage, developmental progression halts. In addition, development under all storage conditions did not exceed the end of the blastulation stage.
Changes in Embryonic Morphology during Storage
Embryonic Diameter. In previous studies, blastoderm size was seen to be reduced following storage (Arora and Kosin, 1968) . The diameter measurements in this study after different conditions of storage are in agreement with those previous studies (Supplementary Figure S1 ). We found that that the average size of the freshly laid blastoderms from young flocks was 3,292 μm in diameter. Following storage at either 18 or 12
• C, the diameter showed a gradual decreasing trend and by 28 d of storage, this decrease was statistically significant (P < 0.05). However, no significant differences were found between the 18 and 12
• C groups (P > 0.05). Notably, the average diameter of freshly laid embryos from old flocks (3,690 μm)was higher than that for young flocks (3,292 μm) and similarly, no significant differences were found between the 18 and 12
• C groups (P > 0.05).
Cellular Architecture. Following analysis of the embryonic stages and diameter, we went to examine the cytoarchitecture of embryos following prolonged storage. We found marked cytoarchitectural changes between embryos stored at 18
• C and those stored at 12
• C. Figure 2e shows HREM scans of 2 embryos from old flock eggs that were stored for 28 d at 18
• C (left panels) or at 12
• C (right panels). In a ventral view (on the side facing the yolk, upper panels), it is evident that hypoblast formation is complete for the embryo stored at 18
• C; however, segregation between the AP and the AO is unclear and overall, the embryo appears thick and condensed (Figure 2e, upper left panel) . In contrast, at 12
• C (upper right panel), the anterior part of the hypoblast is incomplete, suggesting that it does not fully develop until stage XIII EG&K. In addition, the AO and AP regions are clearly distinguishable, and overall the embryo appears similar to our recent findings of the structure of control nonstored embryos (Pokhrel et al., 2017) . In a sectioned dorsal view (facing the vitelline membrane, Figure 2e , lower panels), in eggs stored at 18
• C, the embryonic surface appears thick with deep and pronounced invaginations throughout the AP (lower left panel). In contrast, at 12
• C (lower right panel), the embryo is thin with no visible deep recesses. Similar cytoarchitectural characteristics were also observed in embryos from the young flocks (Figure 2f) . DAPI-stained paraffin sections of these embryos showed that in the control, freshly laid blastoderms (left panel), the AP is thin and almost entirely composed of pseudostratified monolayered epithelium, whereas embryos stored for 28 d at 18
• C are multilayered and thick with deep recesses (white arrows, middle panel). In contrast, the AP of embryos stored for 28 d at 12
• C showed mostly a single layer of columnar epithelium with clearly distinguishable polyingressing and hypoblast cells (right panel).
Changes in Cell Cycle and Cell Death during Storage
Mitotic Index. Assessing the total number of cells in the freshly laid blastoderm and after storage has been a matter of extensive study for many years, as the number of living cells in the blastoderm prior to incubation is clearly important for successful resumption of development from diapause and for predicting embryonic survival. In our previous study, we quantified the total number of cells at successive developmental stages in freshly laid blastoderms undergoing blastulation, using confocal laser scanning microscopy. Moreover, we determined the mitotic index of cells in order to quantify the proportion of dividing cells out of the total cell (Pokhrel et al., 2017 ). Here we utilized a similar strategy to determine the changes in mitotic index following different storage conditions (Figure 3 ). Mitotic cells were identified according to their chromatin appearance during metaphase and anaphase stages. The mitotic index in the freshly laid blastoderm was 2.39% (Figure 3a, j) . When eggs were stored at 18
• C, the mitotic index did not change significantly (P = 0.55) at any storage duration. However, at 12
• C, the mitotic index significantly increased 3-and 4-fold after storage of 21 d and 28 d, respectively, compared to 0 d (P < 0.05, Figure 3b-e, j) .
Cell Death. Rates of early and late apoptosis and necrosis in dissociated blastodermal cells were determined as previously described (Pokhrel et al., 2017) . The quantification of early apoptotic (annexin V+, PI-), late apoptotic (annexin V+, PI+) and necrotic (annexin V-, PI+) blastodermal cells following Figure 3 . Mitotic index following different storage conditions (n = 6 for each storage treatment). Blastoderms were isolated from freshly laid eggs (control) and eggs stored at 18
• C for 7, 14, 21, and 28 d. The embryos were fixed, stained with DAPI and screened using confocal laser scanning microscope (40×). Mitotic cells were identified based on chromatin appearance during mitosis and their proportion out of the total number of nuclei represents the mitotic index. (a-i) Representative images of mitotic cells from single optical confocal section showing the nuclei at interphase and during mitotic phase (arrows). (j) Quantification of the mitotic index of blastoderms following different storage conditions. Mitotic index for fresh eggs was 2.39%. After 28 d of storage at 18
• C, no significant changes in mitotic index were observed. In contrast, at 12
• C, the mitotic index increased from 3.36% at 7 d to 9.6% at 28 d of storage. Different lowercase letters denote significant difference at P < 0.05. • C, but with no significant differences between the 2 groups. (c) Necrotic cell proportion of annexin V negative and PI positive cells. Quantification of necrotic cells in blastoderms. There were no significant changes in the proportion of necrotic cells between groups at either storage temperature, and there was no obvious trend with storage duration. Groups with different lowercase letters are significantly different at P < 0.05. storage is presented in Figure 4a -c, respectively. In control freshly laid blastoderms, 1.33% of the cells were classified as early apoptotic. Following storage at 18
• C, the number of early apoptotic cells increased significantly (P < 0.05) with storage time; between 0 and 28 d of egg storage, there was a net 38.1% increase in apoptosis. Specifically, the increase was gradual for 7 d (7%) but it became steadily higher for 14 d (16.39%), 21 d (26.76%), and 28 d (39.44%) (Figure 4a ). In contrast, at 12
• C, although a trend of increased apoptosis with storage duration was observed, the increase was half that in the 18
• C group at each time point (7 d: 3.69%, 14 d: 7.95%, 21 d: 15.25%, and 28 d: 20.42, respectively). These differences in early apoptosis between the 18 and 12
• C groups were already statistically significant (P < 0.05) from 7 d of storage (Figure 4a ).
The effect of storage conditions on the proportion of late apoptotic cells was quantified (Figure 4b ). In the control freshly laid blastoderm, only 1% of the cells were late apoptotic. Compared to controls, at both 18 and 12
• C, the amount of late apoptotic cells increased significantly (P < 0.05) starting at 14 d of storage. However, there were no statistical differences at any of the time points between the 18 and 12
In freshly laid blastoderms, 3.61 ± 0.37% of the cells were necrotic (Figure 4c) . Interestingly, the effect of the different storage conditions tested in this experiment did not significantly change the proportion of necrotic cells in the embryos. Specifically, the average proportion of necrotic cells following 7, 14, 21, and 28 d of storage at 18
• C was 4.13 ± 0.21%, whereas at 12 • C it was 4.43 ± 0.45%.
In summary, our analysis on embryonic cell death following the different storage conditions shows that in eggs stored at 18
• C, the number of dying cells in early apoptosis is double than in eggs stored at 12
• C. In contrast, no significant differences between the groups were observed with respect to the late apoptotic process or necrosis.
DISCUSSION
In the poultry industry, the ability to store eggs for long periods of time with minimal effect on hatchability and chick quality is desirable. In our previous study (Pokhrel et al., 2017) , we characterized morphological and cytological parameters of freshly laid embryos which served us in this study to evaluate the effect of storage conditions on embryonic viability. Using these parameters on eggs from young and old flocks, we tested the effects of 2 storage temperatures, 18 and 12
• C, following 7, 14, 21, and 28 d of storage on hatchability, chick quality and embryo survival. We further provide data regarding morphological and cellular changes in the embryo under the different storage conditions, including developmental stage, gross morphology, mitotic index and cell death. Our data show the benefits of prolonged storage at 12 over 18
• C, beyond 7 d and up to 28 d, on hatchability rates. This is reflected by lower rates of early apoptosis and perseverance of the embryonic cytoarchitectural properties.
Storage Conditions, Hatchability and Chick Quality Parameter
We examined the effects of prolonged storage at the commonly used temperatures of 18 and 12
• C. Hatchability was scored as the percentage of successfully hatched chicks, as the rest die mainly during earlier stages of embryogenesis or fail at later stages of the internal and external piping and hatching (Fasenko et al., 2001b) . Notably, exclusion of infertile eggs from hatchability calculations is essential as these are irrelevant to embryonic mortality. In accordance with the literature and common practice (Ishaq et al., 2014) , we found that freshly laid eggs present lower hatchability rates than eggs stored for 1 wk (Figure 4a ). This remarkable phenomenon highlights the bond between the practice of storage and the evolutionary process. Explicitly, some dormancy (4 to 7 d) is beneficial for embryonic viability during the first stages of incubation (Asmundson, 1947; Mayes and Takeballi, 1984; Brake et al., 1997) . However, the reason for this is not fully understood.
Importantly, the current study showed that storage duration exceeding 7 d leads to a significant decrease (P < 0.05) in hatchability at 18
• C, up to 16.8% after 28 d of storage (Figure 1) . However, at 12
• C, hatchability was maintained above 70% in young flock eggs, which is comparable to previous results (Arora and Kosin, 1968) .
Manipulations of storage conditions for better hatchability can only be beneficial to the industry if chick quality remains high. Our results showed that under all examined conditions the chick quality was satisfactory ( Table 1 ), suggesting that as long as the embryos successfully resume development from diapause, the rest of its development continues normally. These findings are in agreement with the survival study which demonstrated that embryo death occurs mostly within the first 3 d of incubation. Moreover, the proportion of embryonic mortality within the first 3 d compared to late mortality increased in unfavorable storage conditions (i.e., 18
• C, 28 d, Table 2 ), in accordance with previous studies (Scott, 1933; Fasenko et al., 1992; Kuurman et al., 2003) . This suggests that early embryogenesis that takes place within 3 d of incubation is the critical stage for embryonic survival and is highly disrupted, in a temperature-dependent manner, during storage. This may reflect the significant changes occurring during storage to the embryo itself and to its surrounding environment, namely, yolk and albumin.
Cytoarchitectural Changes Following Prolonged Storage
Previous studies have shown that prolonged storage results in progressive changes in gross morphology, leading to blastoderm death (Arora and Kosin, 1966; Reijrink et al., 2008) . Concomitantly, the current study showed that egg storage results in morphological changes to the blastoderm, including reduced size, advanced development, and cellular rearrangement. Notably, the decrease in size of the blastoderm as such does not seem to negatively affect the embryo's ability to further develop during incubation and hatch, since embryonic shrinkage increased at 12
• C but hatchability was significantly improved. In addition, it was not associated with a decrease in advancement of developmental stage, since stored embryos were significantly more developed. In our previous study, we reported that the developmental stage of freshly laid embryos modern broiler embryos are more developed than those of legacy breeds. It has been hypothesized that the developmental time window compatible with the ability to resist long storage duration is limited to stages X to XIII EG&K (Fasenko et al., 2001a,b; Fasenko, 2007; Reijrink et al., 2008) . Thus, we suggest that further advancement in developmental stage during storage may restrict the storage-compatible time window and severely affect early embryogenesis, hence decreasing hatchability. Notably, we found that during prolonged storage at 18
• C, the developmental stage progresses, as reflected by the morphological criteria of the hypoblast. In contrast, at 12
• C, beyond 7 d of storage, no such progression was observed, suggesting that eggs stored at this temperature remain within the time window for a longer time. These findings differ from earlier studies that reported no macroscopically recognizable development following prolonged storage at 12.8, 14, or 18
• C (Arora and Kosin, 1968; Fasenko et al., 1992; Dymond et al., 2013) . It is thus plausible that the transition between the blastula at stage XIII EG&K and the initiation of gastrulation at stage XIV EG&K marks the closure of the time window for embryo diapause.
At the cytoarchitectural level, we observed striking differences between embryos that were stored at 18 and 12
• C. Whereas at 12
• C, the overall structure of the blastoderm was not overtly changed, at 18
• C, it underwent clear cytoarchitectural rearrangement, where the embryo became thicker and more condensed. It is possible that these morphological changes, which may be affected by cellular rearrangement and/or imbalanced proliferation, lead towards early embryonic mortality following prolonged storage. Moreover, in sections, identification of the hypoblast layer was challenging because the cavity of the blastocoel was almost completely missing. This finding is of particular interest since this cavity hosts the first gastrulating cells (Stern, 1990) and in its absence, the process of gastrulation may not initiate properly. Moreover, formation of the deep recesses on the dorsal surface facing the vitelline membrane may weaken the bonds between the embryo and the membrane. This attachment site has been shown to be important to normal development (Downie and Pegrum, 1971) ; hence, the formation of recesses on the surface may be deleterious.
Mitotic Index and Cell Death
To evaluate the cell-cycle state in stored embryos, we quantified the mitotic index. Surprisingly, we found significant increase in the mitotic index of eggs stored at 12
• C, compared to 18 • C or nonstored eggs. Under physiological conditions, the mitotic index serves as a mean to measure cell cycle length and the rate of cell proliferation (Alison, 1995) . However, in eggs stored at 12
• C, this is unlikely to be the case. Thus, it is possible that at lower temperatures the cells were arrested at the mitotic phase of the cell cycle. These findings are in agreement with earlier studies which showed an increased proportion of mitotic cells and cell-cycle arrest at metaphase following prolonged storage at temperatures lower than 18
• C (Arora and Kosin, 1967; Konishi and Kosin, 1974) . This mitotic arrest could be caused by the cell's inability to cross the spindle assembly checkpoint (Cinnamon et al., 2009) . Crossing this checkpoint requires the assembly of kinetochores mitotic spindles, and when these fail to form due to microtubule instability at lower temperature, the cells seize up in mitosis, at the metaphase-anaphase transition (Zhai et al., 1995) . It is also plausible to assume that due to the low metabolic activity in mitotically arrested cells, these cells are better protected from cell death and upon resumption of incubation temperature, their chances to recover improve, compared with interphase cells, hence supporting embryonic viability. Cell death during storage is clearly pivotal for the negative effect on embryonic survival of prolonged storage (Bloom et al. 1998; Fasenko, 2007; Hamidu et al., 2011) . We found that with regard to late apoptosis and necrosis, the amount of cell death is not related to storage temperature or duration, suggesting that cell death due to these processes is intrinsic to the embryo. However, the rate of the early apoptotic process was found to increase during storage in a temperature-and timedependent manner. Interestingly, storage at low temperature has been suggested to slow metabolic activity, and maintain the viability of quiescent-state blastodermal cells for long durations Kosin, 1967, 1968) . However, this long-lasting quiescent state promotes cellular aging which in turn, in a time-dependent manner, increases the susceptibility of cells to natural cell death processes through the apoptosis pathway (Konishi and Kosin, 1974) . We suggest that in blastoderms stored at 12
• C, the lower metabolic activity and high proportion of quiescent cells benefit embryos stored at this temperature with less apoptosis and more viable cells, thus enabling for better survival following prolonged storage.
Taken together, at the cellular level, the improved hatchability at 12 vs. 18
• C can be explained by the significant increase in the number of mitotically arrested cells that may be better protected from apoptosis, and an overall reduction in apoptosis due to lower metabolic activity.
Differences between Young and Old Flock Eggs
The performance differences between young and old broiler flocks have a major economic impact. In this study we found and confirmed that freshly laid eggs from old flocks are in a more advanced developmental stage than blastoderms from young flocks. Notably, the percentage of infertile eggs was much higher in olds (data not shown), however, with respect to hatchability, chick quality and embryonic survival, the trend remained similar between the 2 groups. Thus, both groups benefit from storage at 12
• C beyond 7 d of storage.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Figure S1 . Changes in blastoderm size following storage. (a) Size of blastoderm from young flocks. Freshly laid nonstored blastoderm was 3292 ± 68.88 μm in diameter. A trend toward decreasing size with time was observed at both 18
• C and 12
• C, but the differences in size between 18
• C were not significant except for one group of 21 d-stored eggs. (b) Size of the blastoderm from old flocks. Nonstored blastoderm was 3,690.05 ± 99.08 μm in diameter. Although some shrinkage in blastoderm size was observed with increasing storage duration, no significant differences in size were observed between 18 and 12
• C at any storage time point. Groups with different lowercase letters are significantly different at P < 0.05.
